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Abstract 
Due to the distinctive characteristics of high occupancy vehicles (HOVs), the existing link travel time models are not suitable 
for HOV lanes on freeway. The objective of this research is to provide a link travel time model for HOV lanes. Road and 
traffic data were collected from California Department of Transportation and dealt with using Highway Capacity Manual. By 
Bureau of Public Roads function, the link travel time model for freeway HOV lanes was established, considering both flow-
to-capacity ratios on HOV lane and the adjacent mainline lane. Statistical methods including Pearson, Kendall and Spearman 
correlations, stepwise method were used for coefficient calibration. Through significance test and error test, the model 
effectiveness was demonstrated. The model proposed in this research can be applied to speed prediction, traffic assignment 
and some relevant fields. 
© 2013 The Authors. Published by Elsevier B.V.  
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1. Introduction 
High occupancy vehicle (HOV) lane is exclusively allowed for high occupancy vehicles to travel on, including 
buses, trucks and all other vehicles which carry two or more persons. HOV lanes are widely used in freeways in 
foreign countries such as USA. The application shows that HOV lanes helped to enhance the average travel speed 
and reduce delay during peak hours, leading to improvement in the reliability of the transportation system(Xu 
L,2005)(Lipnicky & Kevin, 2010). According to The 2005 Urban Mobility Report, the average travel time of 19 
lanes with severe congestions declined by 20% after HOV lanes are utilized, 
of congestion (David Schrank & Tim Lomax, 2005). So far, many state-of-the-art research achievements have 
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claimed that application of HOV lanes can improve level of service and air quality on the whole freeway 
significantly (Krimmer & Michael, 2006)(Turnbull & Katherine F, 2007)(Carlos F. Daganzo & Micheal J. 
Cassidy, 2008). Currently, the necessity of utilizing HOV lanes is not high in China because the high occupancy 
car ownership of China is relatively low. Despite this, utility of HOV lanes on freeways in China is an inevitable 
tendency for two main reasons: i) Rapid development of Intelligent Transportation System (ITS) in China is 
beneficial to the future utility of HOV lanes; ii) In China, the residential layouts in high density ensure a large 
number of travelers with the same origins and destinations in daily trips, creating an ideal precondition for 
utilizing HOV lanes (Chen Wei & Chen Bailei, 2003). Li Pengfei et al. recommended spare space of Bus Only 
Lane should be used to provide HOV lane and assessed the necessity and feasibility of applying HOV lanes on 
st tunnel and Siping-Zhongshan East Road in Shanghai (Li Pengfei, Han Shu & Lin Hangfei, 2007). 
In order to make full preparation for application of HOV lanes in the future, characteristics of traffic flow on 
HOV lanes should be researched, among which link travel time and speed are of vital importance. Link travel 
time and speed can be forecasted with the help of link travel time models. However, most existing link travel 
time models are established for common lanes on freeways and arterial roads, which are not suitable for HOV 
lanes because HOVs have distinctive performance characteristics compared to other vehicles, such as lower 
speed. Among all these link travel time models, three models are most typical: Bureau of Public Roads (BPR) 
function, The Transport and Road Research Laboratory (TRRL) function (Wang Tao, 2010) and Highway 
Capacity Manual (HCM) method (Transportation Research Board of the United States, 2010). BPR function is 
the most influential and widely used model, which is suitable for freeways and multilane highways. TRRL in 
England uses actually measured data to establish link travel time function and it is suitable for urban roads. HCM 
provides a method to calculate link travel time and speed, which will increase the accuracy of forecast speeds, 
particularly for oversaturated conditions compared with BPR function. But equations in this method can hardly 
be implemented by software due to its complexity, so HCM also recommend BPR function as an alternative and 
practical method for estimating travel time and speed. By referring to BPR function, this essay concentrates on 
link travel time model for HOV lanes on freeways. In section 2, road and traffic data are collected and variables 
used in the model are calculated. In section 3, link travel time model for HOV lanes is established and statistical 
methods are applied to solve and test the model. Section 4 points out some application areas of the proposed 
model. Finally, some conclusions and future work are summarized in section 5.  
2.  Data Preparation 
2.1. Data collection 
In this study, data were gained from database maintained by Performance Measurement System (PeMS) in the 
charge of California Department of Transportation (Caltrans). The data were collected at absolute PM 13.5 
location on No.405 freeway in Fountain Valley City in California, shown in Fig. 1. 
 
 
Fig. 1. Data source 
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The data include two parts as follows:
The roadway information shown below:
Table 1. Roadway information
Road Width 62 ft Inner Median Width 8 ft
Lane Width 12.4 ft Terrain Flat
Inner Shoulder Width 3 ft Population Urbanized
Outer Shoulder Width 10 ft Barrier Concrete Barrier
Design Speed Limit 70 mph Surface Concrete
Functional Class Principal Arterial Roadway Use Median Lane is HOV lane
Inner Median Type Paved-No road Use
Traffic performance including flow and speed on each lane every five-minute granularity from 6:00:00
a.m. to 23:59:59 p.m. on December 3 and 4 in 2012, when health of detectors on both the HOV lane and 
mainline lanes is 100% good. The sample size is so large that these data were not listed here, and they 
can be gained from the website of Caltrans PeMS.
2.2. Variable Calculation
In this research, the variables needed include free flow speed (FFS), capacity and flow rate. These variables 
were calculated with methods provided by Highway Capacity Manual 2010 based on collected data.
For FFS, it can be calculated by the equation below:
(1)
Where fLW, fLC and TRD are adjustment factors for lane width, right-side lateral clearance and total ramp 
density respectively. Also, FFS should be rounded to the nearest 5 mi/h. Based on collected data in section 2.1, 
calculation result of FFS in this case is 70 mi/h.
For capacity, it can be determined by FFS, which is 2400pc/h/ln in this case.
For flow rate, it should be converted to flow rate under equivalent base conditions based on collected raw data
under prevailing conditions in five minutes. Multiply them by 12 to gain hourly flow rate and then make a 
calculation by the equation below:
(2)
Where vp and V are flow rate under equivalent base conditions (pc/h/ln) and flow rate under prevailing
conditions (veh/h/ln) respectively; fp and fHV are adjustment factor for unfamiliar driver populations and 
adjustment factor for the presence of heavy vehicles in the traffic stream respectively. For fp, it equals to 1.0 
according to urbanized population type. For fHV, it can be calculated by the equation below:
(3)
Where PT and PR are proportion of trucks and buses and proportion of recreational vehicles (RV) in the traffic
stream respectively; ET and ER are passenger-car equivalent of one truck or bus and passenger-car equivalent of 
one RV respectively. For these four variables, default values are used: PT=0.05, PR=0, ET=1.5, ER=1.2. However,
values of PT are different among all the five lanes in this case because a HOV lane exists which appeals to trucks
and buses considerably, so it can be assumed that all trucks and buses are driven on the HOV lane. Thus, fHV for 
mainline lanes is 1.0 while fHV for HOV lane is calculated by the equation below:
                                                                                                     (4)
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Where VH and VM are flow rate under prevailing conditions (veh/h/ln) on HOV lane and each mainline lane 
respectively. Based on equations (2) (3) and (4), raw data about flow rate under prevailing conditions from PeMS 
can be converted to flow rate under equivalent base conditions for HOV lane and each mainline lane. Parts of 
flow rate data used in this research are shown in Table 2.  
   Table 2. Parts of flow rate data 
Date 
Raw data from PeMS 
Five-minute flow rate V5 (veh/5min) fHV for 
HOV lane 
Flow rate vp under equivalent 
base conditions on HOV lane 
(pc/h) 12/3/2012 Mainline lane HOV lane 
5 minutes No1 No.2 No.3 No.4 
6:00 135 125 111 66 31 0.726 512 
6:05 141 130 104 63 45 0.788 685 
6:10 113 102 104 69 46 0.809 682 
6:15 137 114 102 86 57 0.821 833 
6:20 138 143 111 79 58 0.814 855 
6:25 126 123 108 77 72 0.851 1016 
6:30 141 129 117 100 56 0.805 835 
6:35 139 114 106 85 49 0.799 736 
6:40 149 128 127 91 59 0.810 874 
6:45 150 136 122 99 56 0.799 841 
6:50 141 138 111 88 55 0.805 820 
6:55 141 133 127 96 61 0.814 899 
7:00 146 127 117 88 59 0.815 869 
7:05 144 140 114 98 57 0.805 850 
7:10 142 129 134 102 54 0.794 816 
7:15 150 150 124 105 52 0.782 798 
7:20 157 146 126 111 74 0.828 1072 
7:25 142 138 118 108 88 0.856 1234 
7:30 129 134 124 106 85 0.855 1080 
7:35 137 143 117 116 91 0.858 1152 
7:40 144 147 127 107 75 0.833 1235 
7:45 140 141 122 116 81 0.844 984 
7:50 132 150 122 103 88 0.855 1008 
7:55 124 132 107 89 69 0.841 1143 
*fHV for mainline lanes is 1.0 and vp on mainline lane is equal to V5 multiplied by 12. 
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3. Methodology
3.1. Model establishment
The traffic flow on a HOV lane of highway is inevitably influenced by traffic flow on the adjacent mainline
lane. Therefore, traffic characteristics on adjacent mainline lane should be taken into consideration in link travel
time model for HOV lanes (Li Qian, 2010). By referring to the form of BPR function, the link travel time model
for HOV lanes on freeways can be established as follows:
Model (I):
(5)
where T and T0 are link travel time at actual speed and link travel time at FFS respectively; vH and vAM are 
equivalent car flow rates (pc/h) on HOV lane and adjacent mainline lane respectively; cH and cAM are capacities
of HOV lane and adjacent mainline lane respectively; a, b and c are coefficients. T and T0 are equal to link length
divided by actual flow speed and FFS respectively, while vH/cH and vAM/cAM are flow-to-capacity ratios which
can be denoted as XH and XAM, so model (I) can be expressed in another form as follows:
Model (II):
(6)
where S is actual or predicted flow speed.
For a given freeway segment, FFS is fixed according to equation (1), so this model has one dependent variable
S and two independent variables XH and XAM. Also this model can be converted to a linear form as follows:
Model (III):
                                                                                     (7)
Let Y, X1, X2, A equal to , , and respectively, the link travel time model for 
HOV lanes is equivalent to the multiple linear regression (MLR) model below:
Model (IV):
                                                                                                              (8)
where Y is dependent variable; X1 and X2 are independent variables; A, b1 and b2 are coefficients.
3.2. Coefficient calibration
Data adopted in this part are flow and speed variables from 6:00:00 a.m. to 23:59:59 p.m. on December 3 in
2012 as well as capacity and FFS at the location shown in Figure 1. Data analyses are made with the help of 
SPSS (Statistical Product and Service Solutions) (19.0 Version) software.
For a MLR model, correlation between several independent variables should be tested before coefficient
calibration. If correlation coefficients among independent variables are high, some independent variables should 
be removed from the MLR model. In model (IV), Pearson correlation coefficient, Kendall correlation coefficient
and Spearman correlation coefficient are used to test the correlation between X1 and X2 and results are
summarized as follows.
Table 3. Correlations between X1 and X2
X1 X2
Pearson X1
Correlation Coefficient 1.000 0.939**
Sig. (2-tailed) .000
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N 216 216 
Kendall X1 
Correlation Coefficient 1.000 0.698** 
Sig. (2-tailed) . .000 
N 216 216 
Spearman X1 
Correlation Coefficient 1.000 0.868** 
Sig. (2-tailed) . .000 
N 216 216 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Table 3 shows that Pearson correlation coefficient, Kendall correlation coefficient and Spearman correlation 
coefficient are equal to 0.939, 0.698, 0.868 respectively, which are enough high. What s more, for these three 
methods, the correlation probability is obviously less than that under significant level which is equal to 0.01. It 
can be known that there is significant positive correlation between X1 and X2, so either X1 or X2 should be 
removed from model (IV). In other words, either coefficient b1 or b2 in model (IV) is equal to zero. 
Based on correlation analysis between X1 and X2, a linear regression method should be used to calibrate model 
coefficients. There are several linear regression methods, in which enter method and stepwise method are most 
widely used. For either b1 or b2 is equal to zero, step wise method should be adopted for coefficient calibration. 
The results are summarized as follows. 
            Table 4. ANOVAc 
Model Sum of Squares df Mean Square F Sig. 
1 Regression 17.240 1 17.240 141.113 .000a 
Residual 26.145 214 .122 
  
Total 43.385 215 
   
2 Regression 25.013 2 12.506 144.990 .000b 
Residual 18.372 213 .086 
  
Total 43.385 215 
   
a. Predictors: (Constant), X1 
b. Predictors: (Constant), X1, X2 
c. Dependent Variable: Y=LN(FFS/S-1) 
  Table 5. Coefficientsa 
Model Unstandardized Coefficients Standardized 
Coefficients 
t Sig. 
B Std. Error Beta 
1 (Constant) -.465 .041 
 
-11.286 .000 
X1 .276 .023 .630 11.879 .000 
2 (Constant) -.314 .038 
 
-8.234 .000 
X1 .781 .057 1.784 13.780 .000 
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X2 -.865 .091 -1.229 -9.493 .000
a. Dependent Variable: Y=LN(FFS/S-1)
   Table 6. Excluded Variablesa
Model Beta In t Sig. Partial Correlation Collinearity
Statistics
Tolerance
1 X2 -1.229a -9.493 .000 -.545 .119
a. Predictors in the Model: (Constant), X1
b. Dependent Variable: Y=LN(FFS/S-1)
*fHV for mainline lanes is 1.0 and vp on mainline lane is equal to V5 multiplied by 12.
According to Table 6, independent variable X2 is removed from the model, which indicates that:
The extent to which X2 influences dependent variable Y is less than that to which X1 influences Y.
There is significant correlation between X1 and X2 as mentioned before.
The influence which X1 has on Y contains that which X2 has on Y to a great degree.
Tables 5 and 6 present two calibration results. In model 1 X2 is removed and b2 is equal to zero, while in 
model 2 neither X1 nor X2 is removed. Compare these two models and some analyses can be made as follows:
In F-test, for either of the two models, the probability that a value in corresponding F distribution is higher 
than F-value for the model is far less than 0.01, which indicates that linear correlations expressed in both
models are highly significant.
In t-test, for either of the two models, the probabilities are all far less than that under highly significant level,
which indicates that all independent variables in model 1 and 2 have highly significant effects.
Although model 2 meet all the criteria in F-test and t-test, model 2 cannot reflect the influences independent 
variables have on the dependent variable. According to Table 5, b2 is equal to -0.865. According to Table 6,
partial correlation between X2 and Y is -0.545. Both -0.865 and -0.545 are below zero, so Table 5 and 6
declare that X2 and Y are negatively correlated. In other words, model 2 states that the larger the flow rate
on adjacent mainline lane is, the faster vehicles on the HOV lane are driven. This conclusion contradicts the
fact that heavier traffic flow on adjacent mainline lane can interfere with traffic flow on the HOV lane more
considerably, leading to drop in travel speed on the HOV lane. As a consequence, model 2 cannot
correspond with characteristics of traffic flow, since it regards X1 and X2 as two uncorrelated variables.
Based on analyses above, it can be concluded that X2 should be removed. The results of coefficient calibration 
are as follows:
So the link travel time model for HOV lanes of freeways can be expressed as follows:
Model (V):
                                                                                                               (9)
Or
                                                                                                                                 (10)
Or
(11)
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where all terms are as previously defined. 
It has been concluded that X1 and X2 are significantly correlated according to statistical analyses. In terms of 
the traffic characteristics, this correlation indicates that flow-to-capacity ratio of adjacent mainline lane has 
significant effects on that of the HOV lane. The reasons for these effects are explored from the following two 
aspects: 
 When the flow rate on adjacent mainline lane increases, a portion of vehicles such as trucks on this mainline 
lane tend to change lanes to enter the HOV lane, leading to increase flow-to-capacity ratio on the HOV lane. 
 Drivers on the HOV lane can be affected by the change in flow rate on adjacent mainline lane. They might 
change travel conditions such as speed, headway, leading to rise or fall in flow-to-capacity ratio on the HOV 
lane. 
Therefore, although only flow-to-capacity ratio on the HOV lane exists in model (V), the model has indicated 
the influence which flow-to-capacity ratio on adjacent mainline lane has on link travel time and speed on the 
HOV lane. 
3.3.  Model test 
Effectiveness of model (V) is tested via significance test and error test. 
3.3.1. Significance test 
As said in section 3.2, via F-test and t-test, it has been demonstrated that in equation (11), both linear 
correlation and effects of X1 in the model are highly significant. Since equation (11) is equivalent to equations (9) 
and (10), model (V) meets criteria in significance tests. 
3.3.2. Error test 
Data adopted in this part are flow and speed variables from 6:00:00 a.m. to 23:59:59 p.m. on December 4 in 
2012 as well as capacity and FFS at the location shown in Figure 1. These data are not used in coefficient 
calibration. Equation (10) of Model (V) is used to predict travel speeds on the HOV lane. Results are shown in 
Fig. 2. 
 
 
Fig. 2. Speed Prediction 
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The curve in Fig. 2 is function curve of equation (10), while the dots are actual data concerning relationships
between flow-to-capacity ratios and speeds at designated point on December 4, 2012. These dots are close to the
curve, so the model works well in prediction process to some extent.
The average error in the prediction is 10.6%. This value is somewhat high, but it can also demonstrate the
effectiveness of the model for the following two reasons:
If BPR model is applied in this case, the prediction function is below:
(12)
As a result, the average prediction error caused by equation (12) is 42.7%, which is much higher than
10.6%.
The most important characteristics in traffic flow are randomness and uncertainty owing to many factors
such as diverse comprehensive qualities of drivers (Kim Youngho & Keller Hartmut, 2008)(Matas A, 
Raymond JL & Ruiz A, 2012), so travel speeds might be quite different despite the same condition (v/c ratio)
as shown in Fig. 2. In fact, no model can make prediction absolutely precisely in this field. Under this
circumstance, 10.6% is a relatively quite low error level and can be acceptable.
4. Application
Model (V) provided in this paper can be applied in many areas, two of which are listed as follows:
It can be used to predict link travel time or speed on an HOV lane as shown in section 3.3.2.
It can be used in traffic assignment. In transportation planning process, in order to evaluate planning
program, flow rate on every link or lane should be predicted, which is called traffic assignment. Traffic
assignment must be made on the basis of road traffic impedance functions. There are all kinds of road traffic 
impedance functions, among which BPR function was most widely used in previous years. Based on
comparison in section 3.2.2, Model (V) is more suitable to serve as road traffic impedance function for 
HOV lanes of freeways than BPR function.
5. Conclusions and Future Studies
The primary objective of this research is to provide a link travel time model for HOV lanes of freeways. From 
Performance Measurement System in the charge of California Department of Transportation, thousands of data 
concerning roadway information and traffic performance were gained. According to Highway Capacity Manual
2010, many variables were calculated including free flow speed, capacity, flow-to-capacity ratio in preparation
for the proposed model. By referring to BPR model, the link travel time model for HOV lanes was established,
taking both flow-to-capacity ratios on the HOV lane and adjacent mainline lane into consideration. Based on
Pearson, Kendall and Spearman correlation coefficients, significant positive correlation between two free-to-
capacity ratios was found. Through stepwise method, coefficients in the model were calibrated and the final
model was determined. Via significance test and error test, the effectiveness of model was demonstrated. The
research results proposed a more accurate model for estimating link travel time and speed on HOV lanes of 
highways. This model can be applied in many areas such as speed prediction and traffic assignment.
Admittedly, confined to fund and technology, there are also some limitations to this project and some future 
studies are necessary. First, in this research, the HOV lane is the median lane of the freeway, which is near
median barrier. However, a HOV lane can also be located between two mainline lanes, so more samples should
be surveyed and analyzed. Second, environmental factors such as weather can also affect traffic flow on HOV
lanes to some extent. Some studies about environmental impacts on traffic performance of HOV lanes should be 
made in the future.
Acknowledgements
1737 Xiang Zhang et al. /  Procedia - Social and Behavioral Sciences  96 ( 2013 )  1728 – 1737 
This research is supported by National High-tech Research and Development Program (863) of China 
(No.2012AA112304). 
 
6. References 
Xu L. (2005). Potential single-occupancy vehicle demand for the Katy Freeway and Northwest Freeway high-occupancy vehicle lanes. Ph.D. 
dissertation, Texas A&M Univ., College Station, TX 
Lipnicky, & Kevin (2010). Influence of HOV lane access on HOV lane utilization. Journal of Transportation Engineering, 136(11), 1030 - 
1038 
David Schrank, & Tim Lomax (2005), The 2005 Urban Mobility Report. Texas Transportation Institute, The Texas A&M University System 
Krimmer, & Michael (2006). Measuring impacts of high-occupancy-vehicle lane operations on light-duty-vehicle emissions: Experimental 
study with instrumented vehicles. Transportation Research Record, 1987, 1 - 10 
Turnbull, & Katherine F (2007). High-occupancy vehicle lanes and hybrid vehicles (2007). Transportation Research Record, 2012, 121 - 126 
Carlos F. Daganzo, & Micheal J. Cassidy (2008). Effects of high occupancy vehicle lanes on freeway congestion. Transportation Research 
Part B: Methodology, 42(10), 861 - 872 
Chen Wei, & Chen Bailei (2003). Introducing the HOV priority concept into Chinese traffic planning and management. City Planning 
Review, 27, 93 - 96 
Li Pengfei, Han Shu, & Lin Hangfei (2007). The application of HOV Lane in Shanghai urban traffic management. Traffic and 
Transportation, 2, 54 - 57 
Wang Tao (2010). Operational characteristic of bus and general vehicle in urban roads. Ph.D. dissertation. China: Southeast University 
Transportation Research Board of the United States (2010). Highway capacity manual (5th ed.). New York 
Li Qian (2010). Transportation organization and design methods of bus lanes on urban arterial roads. Ph.D. dissertation. China: Southeast 
University 
Kim Youngho, & Keller Hartmut (2008). Analysis of characteristics of the dynamic flow-density relation and its application to traffic flow 
models. Transportation Planning and Technology, 31(4), 369 - 397 
Matas A, Raymond JL, & Ruiz A (2012). Traffic forecasts under uncertainty and capacity constraints. Transportation, 39(1), 1  17 
 
